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In this short comment, we notice that the model-independent axion contribution to the graviton
mass at just outside the Schwarzschild radius is completely negligible in GW150914. The model-
independent axion contribution to the graviton mass at the order 10−22 eV might be possible for
merger of black holes of mass of order 2× 1014 kg.
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I. INTRODUCTION
Two black holes merging into one was observed on September 14, 2015 [1]. Even though it is a detection of the
classical gravity wave(GW), its implication can be into particle physics realm in the final stage of the merging process.
Indeed, it has been shown that massive gravitons could have invalidated their interpretation of the event by the GW
if the graviton mass is greater than 1.2× 10−22 eV [2]. In this paper, a possible limit on the graviton mass from the
“invisible” axion is studied for a static black hole (not considering the details of merging process) if it is arising from
string theory.
To see the massive graviton, one usually linearizes the gravity around the flat Minkowski background ηµν ,
gµν = ηµν +
1
MP
hµν , (1)
where MP ≃ 2.4 × 1018 GeV is the reduced Planck mass, and obtains a kinetic term for hµν , consistent with the
deffeomorphism invariance, and the coupling to matter of the form hµνTµν where Tµν is the stressenergy tensor.
Phenomenologically, massive graviton couplings have the forms
Lint = ahµνhµν + b(ηµνhµν)2, (2)
for which the expected five polarizations of a massive graviton is obtained for a = −b as shown by Fierz and Pauli(FP)
[3]. Any other choice will lead to a ghost degree of freedom.
With the FP massive gravity, there are three more degrees compared to two degrees of massless gravity theory. Van
Dam and Veltman(VV) noticed a smaller light bending in the FP massive gravity theory compared to the bending
in the massless gravity theory [4]. However, Vainstein noticed that the VV discrepancy is an artifact of linearized
gravity, and showed that a scale dependent forces recovers no discrepancy [5]. But, there results an effective Vainstein
radius. So, to an observer far outside the Vainstein radius, the description by the linearized gravity seems enough.
With the FP condition b = −a,
δL
δhµν
= 2ahµν + · · · (3)
where · · · has nothing to do with the mass. The equation of motion is
2hµν = −2a hµν, (4)
and 1
2
a is the graviton mass m2g.
II. MODEL-INDEPENDENT AXION CONTRIBUTION TO THE GRAVITON MASS
However, light particles (except massive graviton) cannot contribute to the radiation in the event of GW150914.
The main reason is that the effective coupling of light particles to curvature is higher order. If they couple at O(R),
2one removes its coupling by going into the Einstein frame. So, if it is effective, one considers O(R2) couplings. Let us
illustrate this effect in the event of GW150914 for the model-independent(MI) axion.
Let us start with the Einstein equation
Rµν − 1
2
Rgµν =
1
M2P
Tµν . (5)
With the linearization of (1), it gives the following equation
2hµν =
1
M2P
δTµ′ν′
δgµ′ν′
hµν . (6)
So, if Tµν has a non-derivative contribution of gµν , it can contribute to the graviton mass.
Among pseudoscalar fields in the literature, there exists only one such field contributing to the graviton mass in
the high curvature circumstance: the model-independent axion, aMI, in string compactification [6–8]. It belongs to
anti-symmetric tensor field in ten dimension(10D), BMN {M,N = 1, 2, · · · , 10}. Bµν {µ, ν = 1, · · · , 4} is the MI
axion. Usually, it is given in the dualized form ∂µaMI ∝ ǫµνρσHνρσ[7]. where Hνρσ is the field strength of Bρσ .
The ten dimensional(10D) quantum field theory(QFT) with E8 × E′8 gauge group has 10D anomalies. But the
heterotic string is anomaly free. So, the string theory must have a term which cancels the QFT anomaly in the point
particle limit. Indeed, the string theory has the anti-symmetric tensor field BMN which allows such a term, removing
the anomaly in the point particle limit. It is the Green-Schwarz term [6]. The field strength of BMN in differential
forms, H , satisfies
dH =
1
30
TrF 2E8 +
1
30
TrF 2E′
8
− TrR2. (7)
Under the general coordinate transformation, the MI-axion coupling behaves like the cosmological constant because
its coupling to the metric is only through the overal multiplication
√−g, viz. the action
∝
∫ √−g d4x a
fa
ǫµνρσ (FµνFρσ −RµνRρσ) . (8)
Thus, Tµν involves a coupling of the following form,
Tµν = −gµνL = gµν a
fa
(FF˜ −RR˜). (9)
In fact, the action contains more terms involving gµν . But, the important one is those leading to large values just
outside the blackhole surface. Terms in L in the action is just one particle term which can be neglected. The field
values at the surface is enhanced if there is a long range force such that all particles inside the blackhole contribute.
The obvious one is the gravitational force since all energy inside the blackhole contribute. Also, all electromagnetic
charges inside the blackhole contribute to E field at the surface. However, it is exponentially suppressed to have a
great number of electric charges inside the blackhole. Statistically, the ratio of charges of proton to the number of
nucleons inside the blackhole is of order 1/
√
N , which is completely negligible for a macroscopic blackhole. Therefore,
we consider only the RR˜ term in Eq. (9).
Then, we estimate the MI-axion contribution to the graviton mass as
a
fa
RR˜
M2P
. (10)
The LIGO group distinguished the merging process by three stages, the inspiral, intermediate, and merger ringdown
stages. For our purpose, consideration of inspiral may be enough. For the merger event GW150914, the inspiral process
had the oscillation counts from No. 20 to No. 50, i.e. 30 oscillations. These 30 oscillations match their numerical
gravity calculation and if any other sources of radiation were present, it might have changed their numerical solution.
Thus, they obtained the upper bound on the graviton mass, mg < 1.2× 10−22 eV.
If the MI-axion were present, then Eq. (10) contributes to the graviton mass, which is time-varying because the
axion field is oscillating now. The mass of the MI axion is for the axion mass in the range 1.6 × 10−9 eV which
corresponds to fa ≃ 0.4× 1016 GeV [8, 9] and the axion oscillation frequency is of order 2× 106 s−1, which will have
many oscillations during one period of the inspiral gravity wave of GW150914. Thus, we average this axion oscillation
contributing to the radiated graviton mass in the inspiral regime, 1
50
s−1− 1
30
s−1. Even though the axion field oscillate,
the radiated-away MI-axion cannot come back and the contribution to the radiated energy is always considered to be
3positive. So, we take the root mean square of the vacuum axion oscillation, i.e. we use 〈a〉 = |apresent max|/2. The
value |apresent max| is about 10−20fa.1 Thus, comparing to the graviton mass, the radiated energy parameter must
satisfy,
1
2
10−20〈RR˜〉 .M2P
(
1.2× 10−22 eV)2 ≃ 10−25 GeV4. (11)
Around the Schwarzschild radius rSC = 2M/M
2
P, the square of Riemann curvature tensor is R
µνρσRµνρσ =
48M2/M4Pr
6 where M is the blackhole mass and r is the point of interest from the origin. This is for the cos-
mological constant zero at r =∞. Since we need only the information on the curvature around the BH, we estimate
it based on this solution. At r = rSC = 2M/M
2
P, I ≡ RµνρσRµνρσ = 3M8P/4M4. Instead of directly calculating
RµνR˜
µν , we use I for an order of magnitude estimate for |R|2 terms around a BH. Since we are interested in the
upper bound on |R|, this rough substitute will be enough.
Since GW150914 starts with two masses 29M⊙ and 36M⊙, we use M ≃ 30M⊙ as a rough estimate. We are
interested in the magnitude of R2 just outside the Schwarzschild radius of GW150914, and will use the Schwarzschild
radius r = rSC for the estimate. For such a blackhole, I ≃ 0.93×10−6M4P(MP/M⊙)4 = 3.486×1067 GeV4(MP/M⊙)4.
In this approximation, the left-hand side of Eq. (11) for a BH of 30M⊙ mass is
1.7× 1047 GeV4
(
MP
M⊙
)4
= 1.7× 1047 [ GeV4]× 3.4× 10−142 = 5.8× 10−95 GeV4 (12)
which is certainly smaller than the right-hand side of (11). Thus, the effect of the MI axion to the graviton mass
cannot have been detected in GW150914.
It will be of interest to see the size of BHs where the MI axion contribution is comparable to the radiation arising
from O(R) term of GW150914, 10−25 GeV4, with mg ≃ 10−22 eV. At the Schwarzschild radius, I is
I =
48M2
M4Pr
6
SC
=
3
4
M8P
M4⊙
(
M⊙
M
)4
= 2.5× 10−142M4P
(
M⊙
M
)4
= 0.9× 10−68 GeV4
(
M⊙
M
)4
. (13)
Approximately, 10−20 times I must be about 10−25 GeV4: M ≃ 10−16M⊙ ≃ 2 × 1014 kg, i.e. corresponding to the
BH mass of 3 × 10−11 times the Earth mass. The mass is at the boundary of the primordial black holes studied in
[11]. Black holes with M < 1012 kg might have completely radiated away by now. So, the mass region 1012 − 1014 kg
range is still possible to be probed.
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